Abstract The blood-brain barrier (BBB) symbolically represents the gateway to the central nervous system. It is a single layer of specialized endothelial cells that coats the central nervous system (CNS) vasculature and physically separates the brain environment from the blood constituents to maintain the homeostasis of the CNS. However, this protective measure is a hindrance to the delivery of therapeutics to treat neurological diseases. Here, we show that activation of A2A adenosine receptor (AR) with an FDA-approved agonist potently permeabilizes an in vitro primary human BBB (hBBB) to the passage of chemotherapeutic drugs and T cells. T cell migration under AR signaling occurs primarily by paracellular transendothelial route. Permeabilization of the hBBB is rapid, time-dependent, and reversible and is mediated by morphological changes in actin-cytoskeletal reorganization induced by RhoA signaling and a potent downregulation of claudin-5 and VE-cadherin. Moreover, the kinetics of BBB permeability in mice closely overlaps with the permeability kinetics of the hBBB. These data suggest that activation of A2A AR is an endogenous mechanism that may be used for CNS drug delivery in human.
Introduction
The brain is the most vascularized organ in the body [1] . It is estimated that the brain has more than 100 billion capillaries [1] . If all the capillaries and blood vessels in the brain are strung together, they will extend over 400 miles long [1] . The brain vasculature is lined by a single layer of endothelial cells that forms a tight barrier against unwanted substances from the blood circulation [2] . In addition, the gaps between adjacent endothelial cells are sealed with tight and adherens junction molecules to further increase the brain endothelial barrier resistance [1, 2] . Extracellular matrix proteins, pericytes, and astrocytic endfoot processes (referred to as the neurovascular unit), insulate the endothelial lining, making this structure impermeable even to very small molecules (less than 450 Da) and polar and ionic substances [1] . In addition, transporters expressed on brain endothelial cells selectively regulate the influx of key molecules necessary for proper brain function and thus imposes additional restrictions on permeability [1] [2] [3] [4] . The characteristic physicochemical entity of the brain-blood vasculature is called the blood-brain barrier (BBB) [2, 5] . However, this inherent high impermeability of the BBB impedes drug delivery to the brain that could treat myriad of neurodegenerative diseases such as brain cancers and multiple sclerosis [1] . There is a tremendous need to be able to modulate the permeability of the BBB to enhance the deliverability of therapeutics into the brain [6] .
Adenosine is a purine nucleoside that mediates its function through its 7-transmembrane G-protein-coupled receptors. Adenosine is produced both extracellularly and intracellularly. Extracellular adenosine is produced from the conversion of extracellular adenosine triphosphate (ATP) into adenosine diphosphate (ADP) and adenosine monophosphate (AMP) by the extracellular enzyme CD39, and AMP is further converted to adenosine by the extracellular enzyme, CD73 [7] [8] [9] . Adenosine receptors (ARs) are of four different subtypes, A1, A2A, A2B, and A3 [10] . ARs and extracellular enzymes are expressed on brain endothelial cells in mice and human [11, 12] . Previously, we have shown that blockade of CD73 or inhibition of the A2A AR signaling inhibits the migration of leukocytes into the central nervous system (CNS) [13] . Further, we showed that activation of ARs with a broad spectrum AR agonist increases BBB permeability and allow the entry of macromolecules into the brain [11] . These studies strongly indicate that signaling via the ARs represents a bona fide pathway that controls the entry of cells and molecules into the CNS. Because extracellular adenosine mediates many of its functions around inflammation or injury [7] , we hypothesize that signaling via adenosine receptors on BBB endothelial cells signals the recruitment of cells and/or molecules into the CNS to sites of damage or inflammation. Based on these studies, we now focus our attention on determining how we can exploit adenosine modulation of BBB permeability to deliver drugs into the CNS to treat neurological diseases ranging from Alzheimer's to brain tumors. To do this, we need to first determine whether AR signaling regulates human BBB permeability, and second, understand the mechanisms that regulate brain endothelial barrier permeability and determine where in the pathway AR signaling functions.
Recent studies demonstrated that AR activation regulates RhoA activity in various cell types mediated by second messenger signals including cyclic AMP [14] . RhoA is a small GTPase that is the master regulator of actin-cytoskeletal reorganization. The actin cytoskeleton maintains the structure and morphology of cells [15] . Factors that modulate actincytoskeletal rearrangement have been shown to increase or decrease endothelial barrier permeability [16] .
In this study, we will determine (1) whether AR modulates human brain endothelial barrier, (2) determine its potential clinical application in drug delivery to the brain in treatment of neurological diseases, and (3) unravel/reveal the mechanism underlying the increased permeability imposed upon brain endothelial cells by activation of AR. To accomplish this, (1) we studied these processes in human primary brain endothelial cells and a well-established human brain endothelial cell line as human BBB model as we cannot perform these studies in humans. (2) We used an FDAapproved A2A AR agonist, Lexiscan (used in humans for cardiac perfusion imaging), to determine its potential as a BBB permeabilizing (or brain)-drug delivery tool. Here, we report that activation of the A2A AR on primary human brain endothelial cells triggers a rapid increase in RhoA activity, reorganization of the actin cytoskeleton, and consequently disruption of the endothelial cell to cell junctions, leading to the increased paracellular permeability. These processes promote transendothelial migration (TEM) of T cells through paracellular routes. These studies make use of an endogenous mechanism for BBB control. They demonstrate the potential for precise time-dependent control of BBB permeability. Moreover, we would show that the process is reversible and there is the potential to tremendously improve the retention of therapeutics into the brain by targeting adenosine receptors on brain endothelial cells.
Results

Adenosine Receptors and Enzymes That Produce It Are Abundantly Expressed on Primary Human Brain Endothelial Cells
Adenosine mediates its function through its four G-proteincoupled receptors (A1, A2A, A2B, and A3) [8] . Here, we showed that the A2A AR that we have previously shown increases brain endothelial barrier permeability upon activation in mice is highly expressed on primary human brain endothelial cells (HBMVEC) and an established human brain endothelial cell line (HCMEC-D3) (Fig. 1a, b) . Extracellular adenosine acts locally due to its short half-life (approximately 10 s) [9, 10] . Hence, to mediate its function, adenosine receptors and the enzymes that generate it must also be present on the same cell or on adjacent cells. We confirmed that both CD39 and CD73 (ectoenzymes responsible for generating extracellular adenosine) are highly expressed on both primary human brain endothelial cells and the human brain endothelial cell line HCMEC-D3 (Fig. 1c) . Taken together, these results suggest that human brain endothelial cells have the capacity to respond to AR-mediated signaling both in vivo and in vitro.
A2A AR Activation Increases Paracellular Permeability in Primary Human Brain Endothelial Cell Monolayers
To begin to evaluate the role of the A2A AR in human brain endothelial cell permeability, HBMVEC cells were cultured on a porous membrane to form a monolayer to measure transendothelial electrical resistance (TEER), which is a measure of endothelial cell monolayer permeability. Decrease in TEER correlates with increased paracellular space between adjacent endothelial cells and hence with increased permeability [17] . We next treated monolayers with an FDA-approved A2A AR agonist Lexiscan or a broad spectrum agonist 5′-N-(Ethylcarboxamido)adenosine (NECA). Both Lexiscan and NECA induced rapid decrease in TEER by 10 min after treatment with AR agonists, consistent with increase in paracellular permeability (Fig. 2a) . This was compared to vehicle, which showed no change, and S1P and VEGF controls which increased and decreased TEER, respectively [16] . Subsequently, TEER values gradually declined posttreatment in HBMVEC monolayers. A similar trend in TEER was observed in the mouse brain endothelial cell line, bEnd 3, although the kinetics was somewhat different (Fig. 2b) . These studies clearly indicate that human brain endothelial cells are capable of responding to AR modulation and that activation of the A2A receptor decreases brain endothelial paracellular permeability.
To further evaluate the effects of AR activation on human brain endothelial cell permeability, we generated an in vitro human BBB (hBBB) model to examine the passage of high molecular weight dextrans. Ten kilodaltons FITC-dextran concentration in bottom chamber increased in a timedependent manner up to 90 min after NECA treatment in hBBB (Fig. 2c) . NECA's effect on increased permeability was significantly abrogated at 60 and 90 min with concomitant treatment of SCH58261, a specific A2A AR antagonist. This suggests that the A2A AR activation has a specific role in increasing the permeability of hBBB. However, Lexiscan did not increase permeability to FITC-dextran over the 30-90-min time course. We then examined earlier time points as we observed that Lexiscan decreased TEER within 5 min (Fig. 2a) . Indeed, by 10 min, Lexiscan induced a robust increase in FITC-dextran extravasation across hBBB, which declined by 30 min (Fig. 2d) . These collective data indicate that A2A AR activation by Lexiscan causes a rapid and potent increase in hBBB permeability which is followed by a rapid Fig. 1 reversal. NECA, by contrast, showed a more gradual reversal in hBBB permeability. These properties were similarly observed in mouse brain endothelial cells (Fig. 2e) . These data are the first to demonstrate the effects of an FDA-approved A2A AR agonist in primary human brain endothelial cell permeability which has strong translational potential for drug delivery.
A2A AR Signaling Promotes Paracellular Transendothelial Migration of T Cells Across an In Vitro Human Primary BBB TEM of leukocytes across the BBB occurs by transcellular or paracellular routes [18, 19] . We investigated whether activation of A2A AR has any impact on paracellular versus transcellular TEM of leukocytes across hBBB. Lexiscan (1 μM) increased Jurkat T cell TEM up to 3-fold more than controls by 1 h and up to 5-fold by 24 h (Fig. 3a) . NECA increased Jurkat T cell TEM by 24 h (Fig. 3a) . To determine whether TEM of these T cells occurred by transcellular and/or paracellular routes, we treated monolayers of primary human brain endothelial cells plated on cover slips with Lexiscan or NECA. Subsequently, Jurkat T cells were plated on endothelial cell monolayer, and projections of Jurkat T cells undergoing paracellular diapedesis were determined by the disruption of junctional VE-cadherin and the formation of paracellular gaps between adjacent endothelial cells (Fig. 3b) . Confocal microscopic analysis showed that treatment with Lexiscan or NECA promoted primarily paracellular diapedesis of Jurkat T cells (Fig. 3b, c) . This was in stark contrast to controls and to previous studies showing that leukocytes undergo TEM across the brain endothelium by both paracellular and transcellular TEM [18, 19] . These data indicate that activation of A2A AR preferentially promotes paracellular TEM.
A2A AR Activation Induces Rapid Increase in RhoA Activity and Stress Fiber Formation in Human Brain Endothelial Cells
Actin-cytoskeletal reorganization is tightly regulated by RhoA [20] [21] [22] [23] , which is a family of small GTPases activated by Gprotein-coupled receptor signaling, including ARs [14, 24] . Activation of A2A AR stimulates increase in cyclic adenosine monophosphate (cAMP) [12] , which increases RhoA activity [25] . We measured intracellular cAMP activity upon AR activation in primary human brain endothelial cells and observed that Lexiscan induced a rapid increase in cAMP within 1 min which decreased within 5 min and was back to baseline levels by 15 min. By contrast, NECA induced a more gradual and modest increase in cAMP that declined by 15 min (Fig. 4a) . Thus, the kinetics of cAMP levels in primary brain endothelial cells demonstrates that Lexiscan's is rapid and robust, while NECA's is gradual. This profile is consistent with TEER ( Fig. 2a) and BBB permeability induction (Fig. 2c, d ). by that of control group from each time point. d, e Western blot analysis of active RhoA levels using a pulldown assay performed in the human brain endothelial cell line. HCMEC D3 cells lysates were activated with Lexiscan (d) or NECA (e). M indicates media only control. f Densitometric analysis of Western blot data from (d) and (e). Intensity of band from treated group was divided by that of control group from each time point. g IFA analysis of stress fiber formation by Lexiscan and NECA treatment in HBMVEC which was visualized with AF568-conjugated phalloidin (red). Nucleus was counterstained with DAPI (blue). Induction of stress fiber formation was determined up to 30 min. Scale bar indicates 50 μm
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To determine the effect of AR activation on RhoA activity, we performed a RhoA pulldown assay using primary human brain endothelial cells and human brain endothelial cell line (HCMEC-D3). In primary human brain endothelial cells, RhoA activity increased rapidly by both Lexiscan and NECA compared to DMSO control (Fig. 4b, c) . Lexiscan increased RhoA activity within 1 min, which began to decline after 5 min, whereas NECA treatment induced RhoA activity by 5 min and it was maintained up to 15 min post-NECA treatment (Fig. 4b, c) . This suggests that the kinetics of cAMP levels in primary brain endothelial cells by Lexiscan and NECA activation follows a similar trend in RhoA activity. Similarly, in HCMEC-D3 cells, Lexiscan induced a rapid increase in RhoA activity within 5 min and it peaked at 30 min and declined by 60 min in HCMEC-D3 cells (Fig. 4d, f) . By contrast, NECA induced a modest increase in RhoA activity within 15 min and it began to decrease thereafter up to 60 min (Fig. 4e, f) . As the activity of RhoA is directly correlated to stress fiber formation that is coupled with BBB permeability [21] , we performed immunofluorescence assay (IFA) to visualize F-actin formation using AF568-conjugated phalloidin (Fig. 4g ). Lexiscan induced abrupt and rapid stress fiber formation that was maintained up to 15 min. In contrast, NECA's formation of stress fibers was maintained up to 30 min. Also, more rapid increases of RhoA activity and F-actin by Lexiscan may explain the rapid increase in the permeability to FITC-dextran (Fig. 2d) . These data suggest that activation of A2A AR, either by Lexiscan or NECA, induced changes in human brain endothelial cells that is consistent with changes in hBBB permeability. Importantly, this permeability in hBBB is reversible. It suggests that the kinetics of AR activation/deactivation window on BBB endothelial cells can be exploited for drug delivery to the brain.
Signaling Through A2A AR Down-Modulates Phosphorylation of Focal Adhesion in Primary Human Brain Endothelial Cells
Focal adhesion is critical in maintaining brain endothelial cell monolayer resistance [26, 27] . We next determined the effect of A2A AR activation in phosphorylation of focal adhesion proteins. In primary human brain endothelial cells, the level of phosphorylated Ezrin-Radixin-Moesin (ERM) was transiently decreased by Lexiscan, increased by 15 min and decreased again at 30 min. In contrast, phosphorylation of focal adhesion kinase (FAK), which is another representative focal adhesion molecule, gradually decreased up to 30 min (Fig. 5a, b) . This indicates that Lexiscan treatment decreased focal adhesion over a short time frame followed by rapid recovery. However, NECA increased phosphorylated ERM, which was maintained for up to 60 min after which it decreased by 120 min. Meanwhile, phosphorylated FAK began to decrease at 60 min (Fig. 5c, d ). These results indicate that the phosphorylation of ERM and FAK kinetics correlates with the increased permeability window of Lexiscan and NECA observed in primary human brain endothelial cells (Fig. 2c, d) . Similar kinetics was observed in HCMEC-D3 cells, which showed that phosphorylated ERM decreased very rapidly after Lexiscan treatment (within 5 min), and this decrease was maintained up to 60 min (Fig. 5e, f) . By contrast, NECA increased rapid phosphorylation of ERM that was maintained up to 60 min and began to decrease thereafter (up to 120 min) (Fig. 5g, h ). These data suggest that stimulation of A2A AR caused suppression of micro-adhesion between human brain endothelial cells and their matrix. (Fig. 6a, b) . Similar kinetics of VE-cadherin expression was observed with NECA treatment (Fig. 6c, d ). In fact, NECA caused a dramatic decline in VE-cadherin that lasted for 60 min and was recovered by 90 min. Claudin-5 expression also gradually decreased over 2 h with NECA.
In mouse brain endothelial monolayer (bEnd 3 cells), Lexiscan downregulated VE-cadherin expression in a timedependent manner, from 30 min to 1 h, after which it increased to baseline levels and was maintained steadily up to 4 h (Fig. 6e, f) . In contrast to VE-cadherin, Lexiscan induced a transient increase in claudin-5, which returned to baseline and remained at steady state up to 4 h (Fig. 6e, f) . NECA treatment decreased VE-cadherin levels after 2 h, which is much later than Lexiscan, with a gradual return to baseline levels by 4 h. Claudin-5 expression was gradually decreased after 1 h with significant decrease by 4 h after NECA treatment (Fig. 6g, h ). This is in striking contrast to Lexiscan which induced a rapid and robust decrease in VE-cadherin levels but had minimal effect on claudin-5. This indicates that the expression level of adherens junction molecules is decreased by both Lexiscan and NECA, but Lexiscan's effect is more potent and occurs much earlier than NECA's. Thus in mouse brain endothelial cells, A2A AR-specific agonist Lexiscan exerts its effect specifically through downregulation of VE-cadherin.
IFA analysis showed that treatment with Lexiscan or NECA caused junctional disruption of VE-cadherin (Fig. 7a, b) . We also confirmed that VE-cadherin disruption was mediated by A2A AR, as a specific A2A AR antagonist, SCH58261, concomitant with NECA treatment inhibited NECA's effects (Fig. 7a , b, 5 and 30 min posttreatment, respectively). This indicates that the window of increased permeability to polymerized dextran observed in primary brain endothelial cells by Lexiscan (up to 30 min) and NECA (30-90 min) (Fig. 2c, d ) matches the window of VE-cadherin and phosphorylated focal adhesion molecules downregulation (Fig. 6f, h ).
Glioblastoma multiforme (GBM) is an aggressive type of brain tumors whose treatment is limited by the BBB that blocks the entry of chemotherapeutic agents into the brain [1, 31] . We next determined whether AR activation could increase the permeability of hBBB to the chemotherapeutic drug, gemcitabine which is effective in killing GBM (in vitro) but does not cross the BBB. Both Lexiscan and NECA decreased glioblastoma cell viability from 30 to 60 min. This is compared to DMSO that did not induce any changes in glioblastoma cell viability. Further, we tested the effect of Lexiscan or NECA without gemcitabine on the glioblastoma viability and we did not observe any significant effect (Fig. 7c, d ). Based on this result, we speculate that the decrease in glioblastoma cell viability observed by Lexiscan and NECA is attributed to increased hBBB permeability to gemcitabine at the indicated time points.
To determine whether the kinetics of Lexiscan modulation of the human BBB coincides with in vivo BBB permeability, we treated mice with 10 kDa FITC-dextran in the presence or absence of Lexiscan (Fig. 7e) . We observed that Lexiscantreated mice has significantly more FITC-dextran in their brains compared to vehicle-treated controls. Moreover, the kinetics of dextran entry into the brain closely correlates with the kinetics of Lexiscan modulation of the in vitro human BBB permeability. We next tested the hypothesis that adenosine (with a half-life of 8-10 s) is an endogenous modulator of BBB permeability that signals the recruitment of substances to sites of damage or inflammation (Fig. 7f) . We treated mice with FITC-dextran with or without adenosine for 1 min in a triple-injection manner (20 s apart). Adenosine treatment increased FITC-dextran in the brain up to four times more than vehicle_treated animals. Because adenosine, like other purines, is danger-signaling molecules, these findings suggest that adenosine signaling at the BBB may signal the recruitment of substances (cells and or molecules) into the brain under conditions of inflammation or injury.
Discussion
Drug delivery to the brain is one of the most challenging factors facing drug development for CNS diseases [1, 4, 6] . Many efficacious drug candidates are developed against neurological diseases, but most are dropped from the pipeline because they cannot cross the BBB to effectively treat diseases of the brain. To circumvent this hurdle, a variety of approaches are used to make access to the brain easier. These range from modification of drug properties to invasive delivery methods [4] . Our goal in this study was to determine whether human brain endothelial cells have the capacity to be permeabilized upon AR activation and to reveal the molecular mechanism behind the increased BBB permeability. Also, we hoped to evaluate the potential applicability of Lexiscan, which is an FDA-approved A2A AR agonist to permeabilize human brain endothelial barrier cells and increase drug delivery to the brain for treatment of neurological diseases. We used primary human brain endothelial cells and a human brain endothelial cell line (HCMEC-D3) as in vitro models for human BBB. We established that human brain endothelial cells highly and abundantly express CD73, which produces extracellular adenosine and express the A2A AR. Our findings indicate that not only do human brain endothelial cells have the capability to produce and respond to adenosine but that activation of the A2A AR, Lexiscan or NECA, potently permeabilize the in vitro human BBB. Importantly, the increase in BBB permeability upon A2A AR activation is rapid and reversible, two key components that are critical for patients' safety.
Activation of A2A AR induces a rapid increase in RhoA activity and actin stress fiber formation [16, 32] . Also, upon AR activation, focal adhesion, which enhances microattachment between endothelial cells and their extracellular matrix, decreases as the phosphorylation of ERM decreases [26] . Although we did not directly test the relationship between changes in the phosphorylation level of focal adhesion molecules and endothelial monolayer permeability, we speculate that these changes might be important for endothelial permeability, as the kinetics of phosphorylation levels matches with Fig. 5 Activation of A2A AR decreases the focal adhesion activity of human brain endothelial cell mediated by the decrease in phosphorylation of ERM and focal adhesion kinase. a Western blot on phosphorylated ERM (p-ERM) and phosphorylated focal adhesion kinase (p-FAK) were performed in Lexiscan-treated primary human brain endothelial cells (HBMVEC) up to 30 min. b Intensity of the band of phosphorylated form was divided by that of total protein to obtain the ratio. Ratio from treated group was normalized by GAPDH and was divided by the value of control group at each time point (from a) and plotted as graph. c Western blot analysis of p-ERM and p-FAK was performed in NECAtreated HBMVEC up to 120 min. d Intensity of the band of phosphorylated form was divided by that of total protein to obtain the ratio. Ratio from treated group was normalized by GAPDH and was divided by the value of control group at each time point (from c) and plotted as graph. e Western blot analysis of p-ERM in Lexiscan-treated HCMEC-D3 cells up to 60 min. f Intensity of the band of phosphorylated form was divided by that of total protein to obtain the ratio. Normalized ratio by GAPDH from treated group was divided by that of control group at each time point (from e) and plotted as graph. g Western blot analysis of p-ERM in NECA-treated HCMEC D3 cells up to 120 min. h Intensity of the band of phosphorylated form was divided by that of total protein to obtain the ratio. Normalized ratio by GAPDH from treated group was divided by that of control group at each time point (from g) and plotted as graph. In all images, M indicates media only control Fig. 7 Activation of A2A AR disrupts adherens junction molecules in primary human brain endothelial cell and increases the permeability to chemotherapeutics, gemcitabine. a, b IFA of VE-cadherin (green) and Factin (red) in HBMVEC cells 5-and 30-min posttreatment with Lexiscan and NECA. Additionally, NECA was treated concomitantly with SCH58261 which is A2A-specific antagonist. Arrows indicate the disrupted junction formation. Nucleus was counterstained with DAPI (blue). Scale bar indicates 25 μm. c, d AR agonists increase the permeability to chemotherapeutics, gemcitabine, in primary human brain endothelial monolayer. Changes in permeability to the chemotherapeutic drug, gemcitabine, after AR activation was determined using primary human brain endothelial cell monolayer. Donor chamber was treated with gemcitabine (Gem) (10 μg/ml) for 5, 15, 30, and 60 min with or without 1 μM of Lexiscan or NECA and donor chambers were removed. Receiver chambers on which the YFP-transfected human glioblastoma cells (U251) were cultured and further incubated for 96 h and cell viability was measured by the relative intensity of YFP signal compared to untreated YFP-U251 (n=3). Lexiscan or NECA only treatment group was also set as control to test its effect on glioma cell viability (n=3). Data represents mean±sem. (asterisk indicates where p<0.05, two-tailed Student's t test). e Selective A2A AR agonist Lexiscan increases the permeability of the BBB to 10 kDa FITC-dextran in mice. Lexiscan (0.05 mg/kg) was intravenously administered concomitantly with 10 kDa FITC-dextran and perfused with ice-cold PBS at different time point (n=10). Brain was collected and processed for analysis of FITCdextran concentration using fluometry (double asterisks indicate where p<0.01, two-tailed Student's t test). Graph from Fig. 2d showing the effect of Lexiscan on hBBB permeability to 10 kDa FITC-dextran was juxtaposed as inset for comparison. Arrows indicate the time point with maximal FITC-dextran concentration from two different graphs. f Adenosine increases the permeability of the BBB to 10 kDa FITC-dextran in mice. Adenosine was intravenously administered three times (0.138 mg/kg, 20 s apart) concomitantly with 10 kDa dextran and perfused with ice-cold PBS at 1 min after treatment (n=2). Brain was collected and processed for analysis of FITC-dextran concentration using fluometry (asterisk indicates where p<0.05, two-tailed Student's t test) the kinetics of endothelial permeability. Also, we observed rapid decrease of VE-cadherin and claudin-5 after Lexiscan treatment, while NECA induced a more gradual decrease in their expression. Thus, increased RhoA activity, and induction of stress fiber formation, is consistent with decreased TEER, increased extravasation of polymerized dextran, and increased T cell TEM across our in vitro human brain endothelial barriers in the presence of both Lexiscan and NECA treatment. Most striking was A2A AR signaling promoted exclusively paracellular TEM. This is notable as most studies show that leukocyte migration into the CNS or in vitro BBB models occur by both paracellular and transcellular pathways [18, 19] . Thus, in vivo paracellular TEM under physiological conditions may be mediated by AR signaling. As proof of principle that AR stimulation permeabilizes human brain endothelial barrier cells, we determined the effect of BBB permeability to gemcitabine extravasation on glioblastoma viability. Gemcitabine is one of few chemotherapeutic drugs that kill glioblastomas but it does not cross the BBB. Consistent with the kinetics of BBB permeability induced by AR activation, we observed time-dependent cell death of glioblastoma cells. We attributed this to be due to the increased permeability window, increasing gemcitabine concentration in the lower transwell chamber with glioblastoma cells. We further determined that Lexiscan permeabilized the BBB in mice with very similar kinetics observed in the human in vitro BBB model. Finally, we showed that despite the extremely short half-life of adenosine which lasts about 10 s, it also significantly permeabilized the BBB to FITC-dextran in 1 min. Taken together, we propose that adenosine modulation of the BBB is an endogenous mechanism developed in response to stress, to recruit substances to sites of inflammation or injury. This suggests that modulation of human BBB by AR signaling may be a viable tool for the delivery of therapeutics to the brain.
These studies are the first to investigate A2A AR signaling in human primary brain endothelial cells. Moreover, they are the first to utilize an FDA-approved AR agonist and demonstrate its function in human primary brain endothelial cell function. They make use of an endogenous mechanism for BBB control and they demonstrate the potential for precise, time-dependent modulation of BBB permeability. These results strongly suggest that modulation of A2A AR is a potential target for delivery of therapeutic drugs to the brain or the delivery of stem cells in treatment of a wide range of neurological diseases including brain tumors, Alzheimer's, or HIV-AIDS.
Materials and Methods
Cells and Reagents
The HCMEC-D3 cell was a kind gift from Dr. Babette Weksler (Weill Cornell Medical Center) and bEnd3 cell was purchased from ATCC. Primary human brain microvascular endothelial cell (ACBRI 376 V), attachment factor, and growth media were purchased from Cell Systems (Kirkland, WA). RhoA specific antibody and RhoA pulldown assay kit were purchased from Cytoskeleton (Denver, CO). Anti-ROCK-1 antibody, phycoerythrin (PE)-conjugated antihuman CD73 antibody, and human collagen IV were purchased from BD Bioscience (Carlsbad, CA). Rabbit anti-ERM, phospo-ERM, VE-cadherin, and GAPDH were purchased from Cell Signaling (Danvers, MA). Alexa-Fluor 568-conjugated phalloidin, rabbit anti-claudin-5 antibody, anti-rabbit and mouse Alexa Fluor 488, Texas Red-conjugated secondary antibody, fluorescein isothiocyanate (FITC)-conjugated 10 kDa dextran, ProLong Gold with DAPI, and cAMPscreening-kit were purchased from Life Technologies (Carlsbad, CA). Allophycocyanin (APC)-conjugated antihuman CD39 antibody was purchased from eBioscience (San Diego, CA). Anti-phospo-FAK was purchased from Millipore (Billerica, MA). Mouse human CD31 antibody was purchased from R&D systems (Minneapolis, MN). Rabbit anti-A2A adenosine receptor antibody was purchased from Alomone Labs (Jerusalem, Israel). EBM-2 media and supplementary bullet kit were purchased from Lonza (Allendale, NJ). 5′-N--(Ethylcarboxamido)adenosine (NECA) was purchased from Tocris (Bristol, UK), and 2- Immunofluorescence Assay Cells were treated with adenosine receptor agonists which was grown on cover slips, fixed with 4 % paraformaldehyde, and permeabilized with 0.2 % Triton X and washed twice. Subsequently, it was blocked with 5 % goat serum in 0.5 % bovine serum albumin (BSA)-PBS solution for 45 min. Primary antibodies (1:200) were incubated at room temperature for 2 h and washed twice. Fluorochrome-conjugated secondary antibody (1:1,000) was incubated at room temperature for 1 h followed by two washes. For stress fiber staining, cells were additionally counterstained with AF568-conjugated phalloidin. Cover slip was washed with double-distilled water and placed on the slide glass with anti-fade mounting medium, ProLong Gold-DAPI. Samples were analyzed with Axiovision flurorescent microscope, and images were recorded and analyzed with Axiovision (Carl Zeiss, Thornwood, NY).
Rho-GTPase Pulldown Assay HCMEC-D3 and HBMVEC were plated on collagen IV or attachment factor coated 10-cm petri dish and grown to 100 % confluency then treated with Lexiscan or NECA (1 μM) over multiple time points: the reaction was halted by placing them on ice. Plates were washed with ice-cold PBS and lysed with 250 μl of lysis buffer. The lysate was preserved at −80°C until further analysis. Rho-GTPase pulldown assay was performed according to the manufacturers' protocol (Cytoskeleton, Denver, CO). The intensity of active RhoA was divided by that of total RhoA for densitometric analysis and to measure its activity at different time point.
Measurement of Intracellular Cyclic AMP
Primary human brain endothelial cells were plated on the 48-well plates until it reached confluency and treated with 1 μM of Lexiscan and NECA for 1, 5, and 15 min (n=3). One micromolar of Forsklon (FSK) was used as positive control. Cells were lysed with lysis buffer at 37°C for 30 min. Samples were processed following the protocols provided from the manufacturer (cAMP-Screen System, Life Technologies), and the levels of cAMP were analyzed using luminometer function in Synergy 4 (Biotek, Winooski, VT).
Western Blot Analysis
Adenosine receptor agonist-treated cells were lysed with lysis buffer containing protease inhibitor and mixed with 5× laemmli buffer. Samples were loaded and separated by the 10 % SDS-PAGE gel and transferred to nitrocellulose paper. Subsequently, membranes were blocked by 1 % BSA in TBST buffer for 30 min at 4°C. Primary antibody (1:2,000) was incubated in 1 or 5 % BSA (p-ERM) overnight at 4°C, and blot was washed three times with TBST. Subsequently, membranes were incubated with secondary mouse or rabbit antibody in nonfat dry milk (1:2,000) for 1 h at room temperature and washed three times with TBST. Membrane was visualized by West Pico enhanced chemiluminescence (ECL) solution which was exposed to X-ray film.
Transendothelial Electrical Resistance Assay
Mouse brain endothelial cells (bEnd 3) or primary human brain endothelial cells (HBMVEC) were plated (1×10 5 ) on the collagen IV (BD Bioscience, CA) coated 8.0-μm porous membrane insert (BD Bioscience). When the confluency reached 100 %, growth media was replaced with serumdeprived media for overnight. Subsequently, 1 μM of Lexiscan and NECA which are A2A-specific and broad spectrum adenosine receptor agonists, respectively, were applied into the insert along with DMSO control. The changes in the resistance were measured using Ohm voltmeter (World Precision Instrument, Sarasota, FL) at different time points. The transendothelial electrical resistance (TEER) of different time points were subtracted by that of vacant porous membrane, and the value was normalized by that of 0 time point.
FITC-Dextran Permeability Assay
Mouse and human brain endothelial cells were plated (1×10 5 ) on the collagen IV or attachment factor coated 3.0-μm porous membrane insert (BD Bioscience, San Jose, CA). Experiments were initiated when its confluency reached 100 %. Subsequently, media in insert and bottom well were replaced by pre-warmed HBSS and incubated at 37°C for 2 h as acclimatization. One hundered micrograms per milliliter of 10 kDa FITC-dextran with or without 1 μM of Lexiscan and 1 μM of NECA was applied into the insert. Fifty microliters of HBSS at the bottom well was collected at each time point (n= 3). The concentration of FITC-dextran was measured using fluometry (BioTek) with excitation at 488 nm and emission at 523 nm. Acquired values were normalized by that of DMSO control. Mice C57BL/6 mice (Jackson Laboratories) aged 7-9 weeks and weighed between 20 and 25 g were used for experiments. Animals were bred and housed under specific pathogen-free conditions at Cornell University, Ithaca, NY. All procedures were done in accordance with approved Institutional Animal Care and Use Committee protocols.
Administration of Drugs and Tissue Collection
Lexiscan was dissolved in DMSO and further diluted in the PBS. For vehicle controls, DMSO was diluted in PBS to the same concentration. Dextrans labeled with FITC were suspended in PBS to 10 mg/ml. Experiments involving dextran injection used 1.0 mg of dextran in PBS. When drug and dextran were injected concomitantly, 1.0 mg of dextran was mixed with the drug to the desired concentration in a final volume of 200 μl. Lexiscan was administered retro-orbitally, and at indicated times, mice were anesthetized and perfused with cold PBS through the left ventricle of the heart. Brains were weighed and frozen for later analysis.
Fluorimetric Analysis of FITC-Dextran in the Brain
Tris-Cl, 50 mM, pH 7.6, was added to the brains (100 μl per 100 mg brain). Brains were homogenized with a Dounce homogenizer and centrifuged at 16.1×g for 30 min. Supernatants were transferred to new tubes, and an equal volume absolute methanol was added. Samples were centrifuged at 16.1×g for 30 min. Supernatant (200 μl) was transferred to a Corning Costar 96-well black polystyrene assay plate (clear bottom). Fluorimetric analysis was performed on a BioTek Synergy 4.
Chemotherapeutics Extravasation Assay
Primary human brain endothelial cells were plated (1×10 5 ) on the attachment factor coated 0.4-μm porous membrane insert (BD Bioscience, San Jose, CA). Experiments initiated when its confluency reached 100 %. Subsequently, media in insert and bottom well was replaced the day before the experiment. At the receiver well, 2.5×10 5 of YFP-transfected human glioblastoma cells (U251, NCI cell repository, Frederick, MD) were plated. On the donor well, 10 μg/ml of Gemzar (Eli Lilly, Indianapolis, IN) with or without 1 μM of Lexiscan or NECA (n=3) was administered. Also, 1 μM of Lexiscan or NECA without Gemzar was administered to further test the effect of these molecules on glioma viability. At 5, 15, 30, and 60-min posttreatments, the donor well was removed and glioblastoma cells were further incubated for 4 days at 37°C with 5 % CO2. Viability of glioblastoma compared to untreated group was measured using fluometry (BioTek) with excitation at 488 nm and emission at 523 nm.
Jurkat Cell Migration Assay
To test the effect of adenosine receptor signaling in promoting the migration of immune cells, we performed migration assay of Jurkat cell through in vitro blood-brain barrier model using primary brain endothelial monolayer. Primary brain endothelial cell was cultured on the porous membrane insert (BD Bioscience, San Jose, CA) which was pre-coated with attachment factor. When the confluency reached 100 %, media in both donor and receiver chamber were replaced with fresh media and acclimatized for overnight. Jurkat cells, 2.5×10 5 , with or without 0.1 and 1 μM Lexiscan or NECA were placed on the upper chamber, and the number of Jurkat cells migrated to the bottom well was counted at 1 and 24 h by hemocytometer.
To test if the effect of adenosine receptor signaling on migratory process of Jurkat cell is mediated by paracellular or transcellular pathway, primary brain endothelial cells were plated on the cover slip until it reached 100 % confluency. Cells were treated with 1 μM of Lexiscan and NECA for 2 h and washed with PBS. Jurkat cells were added and incubated for 5 min. Cells were fixed with 4 % PFA and permeabilized with 0.1 % Triton X and blocked with 5 % goat serum. Endothelial cell was stained with anti VE-cadherin antibody which was subsequently stained with AF 647-conjugated secondary anti-rabbit antibody. F-Actin was counterstained with AF568-conjugated phalloidin. Cells were visualized with Leica Confocal Microscope (Leica Microsystems, Buffalo Grove, IL), and images were recorded and analyzed by Leica Application Suite software. The route of transmigration of cells were classified as paracellular (cells on the borderline of endothelial cell to cell junction), transcellular (cells on the top of cytoplasmic area of endothelial cells), and ambiguous depending on the localization of migrating Jurkat cells on the endothelial monolayer and quantified.
Statistical Analysis
All statistical analysis was carried out using GraphPad 5.0 software. Statistical significances were assessed using either unpaired two-tailed Student's t test or two-way analysis of variance (ANOVA) with Bonferroni multiple comparison test. p values less than 0.05 were considered to be statistically significant.
